Pterins exist as several tautomeric forms and behave as weak acids in aqueous solutions. Therefore, several acidbase equilibria may be present. For several pterin derivatives, the range of the experimental pKa lies in the range 6-8. The anionic form of the lactam structure is the only structure considered in the literature to represent the chemistry of pterins in alkaline solution. In the present study, density functional theory calculations were used to determine the relative energies of various anionic tautomers of pterin present in aqueous solution which may play a role in chemical and biological systems.
Introduction
Pterins and their derivatives are important members of heterocyclic compounds that are widespread in biological systems. Pterins participate in relevant biological functions behaving as inhibitors (1), enzymes (2) (3) (4) , coenzymes (5, 6) , sensitizers (7) (8) (9) , and pigments (10) . In the past decade, the photophysical and photochemical properties of pterins have received increased attention. (11) The photochemical properties of pterins have been found to be dependent on chemical structure, pH, the availability of oxygen, and the immediate availability of appropriate electron donors (11) (12) (13) (14) (15) (16) . More recently, Lorente and Thomas reported their experimental study on pterins in aqueous solution assigning the absorption and emission spectra of pterins and proposed plausible decay mechanism of excited pterins. (17, 18) Pterins, chiefly 6-carboxy pterin, have been shown to photosensitize DNA damage by both type I (electron transfer) and type II (singlet oxygen) mechanisms. (19) (20) (21) (22) Despite their important contribution, the electronic and geometrical features of related low-lying states as well as the explicit mechanism of photochemistry and photophysics of pterins are still unclear. In previously reported studies, only two tautomeric structures of pterins have been considered to be significant. These structures are the lactam and lactim structure. (23) (Figure 1 )
In recent theoretical studies which investigated pterins in aqueous media, we have shown that the lactam tautomer is the lowest energy pterin tautomer while the lactim structure was higher in energy than expected (∼6 kcal/mol) compared to the lactam. We also showed that three other neutral pterin structures were calculated to be less than 4 kcal/mol above the most stable lactam and therefore should also be considered as structures which possibly play an important role in chemical and biological pterin systems. (24) Since pterins behave as weak acids in aqueous solution, there are several acid-base equilibria that may be present. For several pterin derivatives that differ in the substituent at the 6-position, the experimental values are reported to be pKa = 6-8. (11) Therefore, pterins will exist at physiological conditions as a variety of neutral and anionic forms. The anionic form of the lactam structure is the only structure in the literature considered to be involved in the chemistry of pterins in alkaline solution. (11, 17, 18) (Figure 1 ) In the present study, density functional theory calculations were used to determine the relative energies of various anionic pterin tautomers to help determine the relevant anionic species present which may play a role in neutral aqueous chemical and biological systems.
Materials and Methods
Theoretical calculations were performed using Gaussian 98 on an eight (2.1-2.6 GHz) node Linux Beowulf cluster (CARBON) at Lamar University. The structures were optimized at B3LYP/3-21G * level of theory and single point energies were also calculated at the B3LYP/6-31G * , and B3LYP/6-31+G * levels of theory. All calculations were performed at 298.15 K and 1.0 atm. Vibrational analyses were performed to confirm that all structures were minimized to local minima by the absence of any imaginary vibrational frequencies. All calculations were treated with the PCM (Polarizable Continuum Model) water solvation model. At each level of theory and basis set, the calculated sum of the electronic and thermal free energies (∆G) of each pterin were compared and results were not scaled. Natural Population Analysis (NPA) calculations were performed to determine the electronic distribution of each structure.
Results and Discussion
All calculations were performed in a water solvent dielectric in an attempt to accurately stabilize the resulting dipoles. No explicit water molecules were calculated. Several different rotamers exist resulting from the deprotonation of either the lactim (A-B anions), lactam (C anions), or from other pterin forms (D-E anions) shown to be important in our previous theoretical studies. (24) Several rotamers were selected which aligned a hydrogen atom attached to a heteroatom with the electron lone pair of an adjacent heteroatom for increased stability. For example, the structure B(N1/O3) contains the proton on the nitrogen atom aligned toward atom 1 and the hydrogen atom on the oxygen toward atom 3. (Figures 2 and 3) The most reliable calculations performed in this study are at the B3LYP/6-31+G * //B3LYP/3-21G * level because the presence of the additional diffuse functions should more accurately describe the anionic portions of the structures. All calculations showed the ∆G for the pterin structure A (derived from both the lactam and lactim) was the lowest energy structure. (Table 1 ) All Table 1 . Theoretical calculated ∆G (kcal/mol) for anionic tautomers of pterins at the B3LYP 3-21G * , B3LYP/6-31G * // B3LYP 3-21G * , and B3LYP/6-31+G * // B3LYP 3-21G * levels of theory. other ∆G values calculated were compared relative to the ∆G of the pterin structure A. Theoretical calculations for C(N1) pterin structure showed that this structure was 0.8 -1.9 kcal/mol in energy above the A form, depending on the level of theory used. This structure should also be considered an important contributing structure since it is less than 2 kcal/mol higher in energy than the structure A.
No other structures were calculated to be any closer than about 7 kcal/mol above the most stable structure A and therefore should not be considered to be present in significant amounts in aqueous media. Theoretical calculations for the C(N3) pterin structure was between 7.0 -9.3 kcal/mol above the A form and the D(N3) pterin structure was showed 7.8 -9.1 kcal/mol above the A form. The D(N1) pterin structure was 15.6 -17.7 kcal/mol above the most stable form, A. Theoretical calculations of the ∆G for all the B pterin structures were all above 20 kcal/mol above the A form for all theoretical calculations. All attempts to optimize the E pterins failed as the structures resulted in ring opening and fragmentation. Therefore, it is reasonable to propose that deprotonation of the anilinic position (2a) of a lactim structure may be the source of the alkaline pterin decomposition. Several resonance structures may be drawn for the anionic structures. For example, the A anion may be drawn with the negative charge on the oxygen (4a) or the nitrogen (3). Natural Population Analysis calculations were performed to each pterin at B3LYP/6-31+G * level of theory in an attempt to determine the electronic distribution within each anionic form. The results showed that charge density is largely independent of structure. In all pterins, the N(2a) atom contains most of the charge with ~0. 
Conclusion
The use of density functional theory calculations at the B3LYP/3-21G * , B3LYP/6-31G * //B3LYP/3-21G * , and B3LYP/6-31+G * //B3LYP/3-21G * levels of theory were used to calculate the ∆G to determine whether the relative energies of possible anionic tautomers of pterins that may be also playing a role in photochemical and biological systems. The results showed that anionic pterin structure of lactam/lactim structure, A form, is the lowest energy structure and is the main tautomer in the chemistry of deprotonated pterins. The pterin form C(N1) showed a relative energy less than 2 kcal/mol above the lowest energy structure and should be considered in future studies as a contributor of the pterin anion in alkaline solutions. The anionic pterin structures of B forms and D(N1) were all too high in to be considered important in the chemistry. The anionic pterin forms C(N3) and D(N3) were less than 10 kcal/mol above the lowest energy structure but should not be considered major tautomer contributors. Also in this study, the use of natural population analysis was performed to determine where the majority of the negative charge lies in each anionic pterin structure. The results show that the pterin structure is not important on determining where the negative charge lies. In all structures, the majority of the negative charge was present in the N(2a) atom. The current study shows that there is one additional important anionic structure that needs to be considered when describing pterins in alkaline solution.
